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Objectives. We sought to investigate the origin of the fraction- 
ated electrogram and its relation to abnormal conduction in 
cardiomyopathic myocardium. 
Background. Patients with dilated cardiomyopathy ave a high 
incidence of ventricular tachycardias. Electrograms recorded in 
these patients are often fractionated. 
Methods. High resolution mapping (200-/xm interelectrode 
distance) of the electrical activity was carried out in 11 superfused 
papillary muscles and 6 trabeculae from 7 patients who under- 
went heart transplantation because of dilated cardiomyopathy. 
Similar measurements were taken in four papillary muscles from 
dog hearts in which electrical barriers had been artificially made. 
Ten human preparations were studied histologically. 
Results. All preparations revealed sites with fractionated elec- 
trograms. In three human preparations, activation patterns 
showed a discernible line of activation block running parallel to 
the fiber direction. Fractionated electrograms were recorded at 
sites contiguous to the line of block. In five preparations, frac- 
tionated electrograms were recorded at sites where lines of block 
were not identified. In these preparations, electrical barriers 
consisted of short stretches of fibrous tissue. In the remaining 
nine preparations, fractionated electrograms were recorded, both 
from sites contiguous to distinct obstacles and sites without 
evidence of a barrier. 
Conclusions. Our observations showed that fractionated elec- 
trograms recorded in myocardium damaged by cardiomyopathy 
were due to both distinct, long strands and short stretches of 
fibrous tissue. Delayed conduction was caused by curvation of 
activation around the distinct lines of block and by the wavy 
course of activation between the short barriers. The latter reflects 
extreme nonuniform anisotropy. 
(J Am CoU Cardiol 1996;27:1071-8) 
Premature beats and nonsustained tachycardias re the most 
prominent ventricular arrhythmias in patients with dilated 
cardiomyopathy (1-3). Nonsustained ventricular tachycardias 
occur in 20% to 60% of these patients (1-3), whereas mono- 
morphic, sustained ventricular tachycardias (4,5) and ventric- 
ular fibrillation (2,6) are observed in 1% to 2%. 
In various experimental models of dilated cardiomyopathy 
electrophysiologic abnormalities have been observed (7-12). 
In a number of these studies increased interstitial fibrosis was 
also found (7,12). Analysis of human hearts with dilated 
eardiomyopathy revealed increased fibrosis, often accompa- 
nied by ultrastructural bnormalities (13-19). Regularly ar- 
ranged myocardial fibers have been reported (20), as well as 
myofiber disarray (16,17). In trabeculae and isolated myocytes 
from human hearts with dilated cardiomyopathy, membrane 
abnormalities have been observed (21,22). Anderson et al. (23) 
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have shown that the severity of abnormal propagation corre- 
lated with the amount of myocardial fibrosis in patients with 
dilated cardiomyopathy who underwent heart ransplantation. 
Although the mechanisms of fractionation are various 
(24-32), the increase in interstitial fibrosis is likely the mech- 
anism of fractionated electrograms in dilated cardiomyopathy. 
To investigate he characteristics of fractionated electrograms 
and their relation to abnormal conduction, we carried out high 
resolution mapping in papillary muscles and trabeculae from 
the hearts of patients who underwent heart ransplantation in 
the end stage of heart failure due to dilated cardiomyopathy. 
To support interpretation f our data, we performed similar 
investigations on papillary muscles excised from dog hearts. 
Specimens were superfused in a tissue bath. In superfused 
preparations, a subendocardial rim that is 300 to 500/zm deep 
survives (33). The thickness of the rim is small enough, 
especially in relation to the length and width of the prepara- 
tion, to regard the specimens as essentially two-dimensional. 
Methods  
Eleven papillary muscles and six trabeculae were resected 
from the left or right ventricle, or both, of seven patients. Four 
papillary muscles were harvested from two dog hearts. 
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Human preparations. Specimens were obtained from pa- 
tients who underwent heart transplantation because of idio- 
pathic dilated cardiomyopathy without valvular disease. Before 
the operation, nonsustained ventricular tachycardias were ob- 
served in four patients, whereas ventricular fibrillation was 
documented in two others. In the remaining patient, prema- 
ture beats were the only ventricular arrhythmias observed. The 
ejection fraction of the hearts, measured before operation, 
ranged from 13% to 20% (mean 16%). 
Just before removal, hearts were perfused with a cardiople- 
gic solution (St. Thomas Hospital No. 2). During transporta- 
tion, the hearts were submerged in a modified Tyrode's 
solution at 4°C and gassed with 95% oxygen and 5% carbon 
dioxide. The Tyrode's solution contained (in mmol/liters): 
156.5 Na +, 4.7 K +, 1.5 Ca 2+, 0.5 HzPO4-, 137 C1-, 28 HCO 3- 
and glucose 20. After incising the left and right ventricular 
walls, papillary muscles and trabeculae were resected. Speci- 
mens that were at least 4-mm long were selected for the study. 
Preparations were pinned to the base of a tissue bath 
(volume 100 ml) and superfused with oxygenated Tyrode's 
solution at 37°C (50 ml/min). They were allowed to recover for 
at least 45 min, until spread of activation during basic stimu- 
lation was stable. Stimulation was achieved (twice threshold) at 
a cycle length of 600 ms through abipolar electrode (diameter 
of each pole 0.2 ram, interelectrode istance 0.5 ram). 
Canine preparations. Mongrel dogs weighing 18 to 32 kg 
were premedicated with azaperon (12 mg/kg body weight 
intramuscularly) and atropine (500 Ixg intramuscularly) then 
anesthetized with sodium pentobarbital (35 mg/kg intrave- 
nously) and metomidaat (5 mg/kg intravenously). After thora- 
cotomy, the hearts were rapidly removed and submerged in
Tyrode's olution at 4°C. Then the ventricles were incised and 
the papillary muscles removed. The preparations were pinned 
to the base of the tissue bath and superfused in the same way 
as the human preparations. After a recovery period of 45 min, 
electrical barriers were made by incising the preparations with 
an ultrafine scalpel (Drukker Diamond Surgical Instruments). 
Recording techniques. High resolution mapping was car- 
ried out with a compound electrode consisting of eight termi- 
nals arranged in a row (interelectrode istance 200 Ixm). Each 
terminal consisted of two adjacent silver wires (diameter 
100 txm), one 2 mm shorter than the other. Both wires were 
insulated, except at the tips. The longer end of the pair was 
positioned on the tissue, the other about 2 mm above the 
tissue. These electrodes uppress remote effects but have 
unipolar characteristics (34). 
The compound electrode was mounted in a micromanipu- 
lator and positioned with its long axis perpendicular to the 
fiber direction. The electrode was moved along the fiber 
direction in steps of 200 ~m over a distance ranging from 3 to 
6 mm. Electrograms from the electrode pairs were fed into 
differential amplifiers having a gain setting of 500 or 1,000. 
Subsequently, signals were digitized with a sampling rate of 
8 kHz and stored on a hard disk. 
Electrograms were often fractionated, that is, they consisted 
of multiple deflections. Activation times of all deflections 
within the electrograms were determined. The activation time 
was defined as the instant with the largest negative derivative 
between either the maximum or the point of inflection and the 
ensuing minimum. The activation time of the deflection with 
the largest negative derivative in a signal was selected as the 
local activation time and used to construct isochronal maps. If 
activation times of signals recorded at contiguous ites 
(200 Ixm apart) differed by >2 ms, thick black lines were 
drawn. These lines indicated either conduction block or appar- 
ent (pseudo) block (35,36). Activation times were determined 
digitally from the original waveforms using a computer algo- 
rithm and corrected manually for artifacts. 
Histologic methods. Histologic investigations were carried 
out on 10 human specimens. Preparations were fixed with 
buffered formaldehyde immediately after the experiment. Sec- 
tions were taken from selected sites at which the activation 
pattern revealed the presence of a barrier or where signals 
were fractionated. Sections (10/xm thick) were cut perpendic- 
ular to the long axis of the specimens. Consecutive sections 
were stained alternately with hematoxylin-eosin a d picro- 
sirius red. 
Results  
Human preparations. Fractionated electrograms. The num- 
ber of electrograms recorded in each preparation ranged from 
112 (8 × 14) to 256 (8 × 32). All preparations revealed sites 
where electrograms were fractionated. The number of deflec- 
tions in the fractionated electrograms was between 2 and 16 
(mean 5.3) and depended on the site of stimulation. Duration 
of the electrograms--delay between the first and last activa- 
tion time--was between 1and 15 ms (mean 5.8 ms). 
Distinct lines of "block." In three preparations, activation 
maps revealed a distinct line of "block." These lines were 
between 0.8 and 1.6 mm long and always parallel to the fiber 
direction. Electrograms in the three specimens were fraction- 
ated at sites adjoining the barrier. 
The upper panel of Figure 1 shows the activation map of a 
papillary muscle. A discrete line of block runs parallel to the 
fiber direction between rows 3 and 4 and from columns 4to 11. 
The preparation was stimulated from the site indicated. Iso- 
chronal ines show that activation proceeds predominantly 
perpendicular to the fiber orientation in the area proximal 
from the line of block. After arriving at the line of block, the 
wave front curves around both ends of it. The ensuing wave 
fronts collide distally from the barrier along columns 4 and 5. 
Tracings in the lower right panel show three electrograms 
recorded near the right extremity of the line of block. Electro- 
gram e, which is recorded near the pivoting point, shows the 
beginning of fractionation (arrow). 
Electrogram b, recorded near the barrier away from the 
end, reveals two clearly separated deflections. The first com- 
ponent is caused by the approaching wave front and coincides 
with the deflection of tracing c. The second deflection in 
tracing b is caused by the front that curves around the line of 
block, generating signal a. At the ends of the line of block 
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Figure 1. Upper  panel, Activation pattern during basic 
stimulation (cycle length 600 ms) of a papillary muscle 
from a human heart impaired by cardiomyopathy. Num- 
bers in the isochronal lines indicate activation times (in 
ms) with respect to the stimulus. Bold line running from 
column 4 to 11 along rows 3 and 4 indicates a line of 
activation "block." The preparation was stimulated in 
the upper right corner (marker).  Lower panel, Tracings 
are electrograms recorded near the line of block at the 
sites indicated in the upper panel. Tracings d to f are 
recorded near the right end of the barrier. Electrograms 
e and b are fractionated. S = stimulus artifact. 
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isochronal ines are crowded, indicating delayed conduction 
velocity in this area. 
Stimulating the same papillary muscle near its base caused 
activation to run parallel to the fiber direction with a conduc- 
tion velocity of -0.7 m/s. The barrier previously seen at rows 3 
and 4 was no longer discernible. Signals recorded at sites where 
the activation pattern previously revealed a barrier during 
propagation perpendicular to the fiber orientation were no 
longer fractionated. 
Fractionation in absence of discernible lines of block. In 
preparations with distinct barriers, fractionated electrograms 
were mainly localized to sites contiguous to the barriers. 
In five preparations, fractionated electrograms were re- 
corded at sites where activation maps did not reveal lines of 
block. The upper panel of Figure 2 shows the activation 
pattern of such a specimen. Two short lines of block only are 
present along row 1. The preparation was stimulated in the 
upper left corner. Activation runs perpendicular to the fiber 
direction in the central part of the preparation; the conduction 
velocity in this area is -0.2 m/s. Isochronal lines are not 
smooth in this area but reveal several irregularities with dips 
and bulges, as shown, for instance, at sites m and o. Electro- 
grams recorded at these sites show some similarity to those 
recorded at sites near distinct barriers. 
Fractionation in the apparent absence of electrical barriers 
suggests that these barriers are nevertheless present, but too 
short to show up in the activation maps. Stimulation causing 
activation to propagate parallel to the fiber orientation re- 
sulted in fast conduction velocities. 
In 9 of the 17 preparations, areas where fractionated 
electrograms were recorded in the vicinity of lines of activation 
block varied with areas in which fractionation was present in 
the apparent absence of lines of block. 
Histologic studies. The location of pronounced lines of 
block in the activation patterns could be traced histologically as 
prominent strands of fibrous tissue traversing the surviving 
subendocardial rim. Areas with fatty tissue were found only 
sporadically. Figure 3 show sections of a papillary muscle 
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Figure 2. Upper panel, Activation map of a 
trabecula from an explanted human heart af- 
fected by cardiomyopathy. Bold lines indicate 
activation block or pseudoblock. Numbers inthe 
isochronal lines are activation times in millisec- 
onds measured with respect to the stimulus. The 
preparation was stimulated from the upper left 
corner. Lower panel, Tracings are signals re- 
corded at sites indicated in the upper panel. 
Signals c through and k through p are frac- 
tionated, despite the fact that they were re- 
corded at sites where lines of "block" were not 
detected. See text for discussion. 
where a distinct line of block was present. Figure 3A shows a 
broad strand of fibrous tissue traversing the subendocardial 
rim (arrow). Figure 3B is just to the left from the line of block 
and shows that the barrier disappears subendocardially. The 
remainder of the barrier is present 500/xm below the endo- 
eardium (arrow). 
Areas where fractionated electrograms were recorded in 
the absence of a zone of activation block also showed the 
presence of fibrosis. This either consisted of small subendocar- 
dial strands (dark lines in Fig. 3C) or revealed a more patchy 
architecture (Fig. 3D). 
Canine preparations. A single, artificially made barrier. Fig- 
ure 4 shows the activation pattern of a trabecula from one of 
the dog hearts. An electrical barrier was artificially created by 
incising the preparation along the fiber direction in rows 4 and 
5, from column 8 to the right end of the preparation. The 
preparation was stimulated at the site indicated in the upper 
right corner. Electrograms a through c, recorded across the 
barrier yet well away from both extremities, revealed two 
clearly separated deflections. The first deflection, caused by the 
approaching wave front, is predominantly positive and has its 
largest amplitude in tracing a. In tracings b and c, the initial 
positive deflection is not immediately followed by a negative 
one, because the barrier terminates activation. The second 
deflection, caused by activation running distally from the 
barrier, is largest in tracing c; this component is remote in 
tracings a and b. 
The two components are separated by a nearly isoelectric 
interval that decreases in duration as the recording site is 
closer to the left extremity of the barrier. This is shown in 
tracings d and e, which have double components separated by 
a short isoelectric interval. The initial positive deflection in 
both tracings d and e is generated by the approaching wave 
front--the departing front induces the ensuing negative deflec- 
tion. At the far left of the barrier, crowding of isochronal lines 
indicates activation delay, which is responsible for the delay 
between the positive and negative deflection. 
Multiple, short, artificial barriers. In one preparation, elec- 
trical barriers with a length of 400 ~m were made at distances 
of 400 t~m, as shown in the upper ight panel of Figure 5. The 
preparation was stimulated from the upper right corner ($1). 
Before incising the preparation, recordings were made at 
locations along the vertical line (upper left panel). None of the 
signals shown in the lower left panel were fractionated. 
The lower right panel shows tracings from the same sites 
after incisions were made. Now, the signals reveal fractionation 
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very similar in configuration to that observed in signals re- 
corded near nonartificial barriers. The activation pattern 
showed a line of block only at recording site 6. As in Figure 2, 
isochronal lines revealed curvation at sites where lines of block 
could not be demonstrated. These observations support the 
concept that short electrical barriers, not evidenced in an 
isochronal map, can cause fractionation, as shown in Figure 2. 
Discussion 
Increased interstitial fibrosis is a common finding in hearts 
from patients with dilated cardiomyopathy (13-19), suggesting 
that fibrosis is a likely mechanism for generating fractionated 
electrograms in these hearts. Fractionation is associated with 
abnormal conduction, which may promote reentry arrhythmias 
(24,25). A correlation between the amount of myocardial 
fibrosis and the severity of abnormal propagation in patients 
with dilated cardiomyopathy as been documented by Ander- 
son et al. (23). 
Activation block. Definition of the thick black lines as 
markers for activation block or pseudoblock was based on data 
from published reports (35,36) and the results of one of the 
canine papillary muscles (Fig. 5). In the latter, activation block 
was evident, and delay between the two sites at the pivoting 
Figure 3. A, Photomicrograph of a tissue section of a papillary muscle 
with a discernible line of"block." The section was taken perpendicular 
to this line of block. A wide band of fibrous tissue (arrow) that 
traverses the surviving subendocardial rim coincides with the line of 
block. B, Photomicrograph from the same tissue preparation as in A 
but made just to the left of the block zone. At this level, only a vestige 
of the barrier seen in A remains (arrow). C, Photomicrograph of a 
section of the trabecula from Figure 2 in which fractionated signals 
were recorded in the absence of lines of block. Small strands of fibrous 
tissue are present in the subendocardial rim. D, Photomicrograph of 
another trabecula in which fractionation occurred in the absence of 
lines of block. The subendocardial rim is very patchy and subdivided 
into fibrous tissue (dark areas) and surviving myocytes (bright areas). 
Calibration lines = 250/zm. 
point was 1.9 ms. This corresponds to a conduction velocity of 
-0.1 m/s. Data from published reports how that slow conduc- 
tion in ischemic preparations ranges from 0.21 to 0.13 m/s (35). 
During anisotropic onduction, velocities between 0.05 and 
0.2 m/s were reported; in these cases lines of block often 
indicated apparent block. Activation seemed to pass these lines 
of pseudoblock by way of a tortuous route (36). 
In a number of hearts, anatomic barriers were not evi- 
denced by lines of block in the activation pattern. This is to be 
expected if the barriers are too short to generate an activation 
delay of more than 2 ms between activation at either side of the 
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Figure 4. Upper panel, Activation pattern of a papilla~ muscle from 
a canine heart in which an artificial barrier was made by incising the 
preparation parallel to the fiber orientation, from column 8 to its right 
end. The preparation was stimulated at the site indicated by the 
marker. Isochronal ines are drawn 1 ms apart; numbers in the 
isochronal lines indicate activation times in milliseconds ( timulus is 
t = 0 ms). Lower panel, Electrograms recorded at sites indicated in the 
upper panel. See text for discussion. S = stimulus artifact. 
barrier and thus did not manifest hemselves in the activation 
map. 
Influence of Purkinje system. One may argue that the 
Purkinje system, which is scattered over the surface of normal 
canine papillary muscle, may have produced effects on the 
activation sequence and extracellular waveforms. Activation 
running through the Purkinje system would speed up the 
apparent conduction velocity and create sites with early break- 
through. However, in all cases conduction was essentially 
uniform. The conduction velocity in the longitudinal as well as 
the transversal direction was equal to or less than that in 
normal myocardium, indicating that participation of the Pur- 
kinje system is unlikely. It is also unlikely that activation in 
Purkinje fibers explains the transfer of activation through the 
pseudoline of blocks. Because of the high spatial resolution of 
the mapping, one would expect o record Purkinje spikes at 
sites near the crossing point. This, however, was not the case. 
Origin of fractionated electrograms. Fractionated electro- 
grams originate in infarcted myocardium, where fibrous tissue 
_I-L. $1 . J - l _  $1 
8 
1 
5 
- inc i s ion  
0.4 mm 
8 10 ms 
Figure 5. Electrograms recorded with the compound electrode inone 
of the canine preparations. Recording sites are indicated with respect 
to the site of stimulation i  the upper panel. Tracings in the left panel 
were made in the untouched preparation and reveal biphasic deflec- 
tions only. Tracings in the lower right panel were recorded at the same 
sites as those in the left panel, but after incising the preparation, as 
shown in the upper right panel. These incisions resulted in fraction- 
ation of the electrograms. See text for discussion. $1 = stimulation 
sites. 
separates myocardial fibers, giving rise to separated conducting 
paths (24-26). Multiple deflections have also been recorded in 
the atrioventricular junctional area, where superficial and 
deeper layers seem to be electrically separated (27-29). 
Remote activity may also produce electrograms with mul- 
tiple deflections. Recordings in the atrium are often obscured 
by deflections owing to remote ventricular activation, which 
may hamper the selection of the local atrial deflection (30). 
Separation of conducting paths is not exclusively the result 
of anatomic barriers such as fibrous or fatty tissue. Zones of 
functional block, too, constitute barriers between asynchro- 
nous activation fronts, and electrograms recorded from such 
zones are also fractionated (31). 
Zones of activation block are not a prerequisite for the 
generation of fractionated electrograms, however. Spach et al. 
(32) have shown, exclusively on the basis of anisotropy of the 
tissue, that double potentials may occur in myocardial tissue. 
In our preparations, fractionated electrograms were related 
to fibrotic barriers. Occurrence of fractionation on the basis of 
remote activation is very unlikely because large muscle masses 
were absent. Fractionation on the basis of uniform anisotropy 
cannot be ruled out. 
The characteristics of fractionation i the presence of short 
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barriers which we found are similar to those observed by Spach 
et al. in the limbus of the fossa ovalis of a dog heart (37) and 
human pectinate muscle bundles (38). In these cases, fraction- 
ated electrograms and reduced conduction velocity were 
caused by nonuniform anisotropy at sites where collagenous 
tissue was distributed as distinct collagenous septa. 
Slow conduction. Although slow conduction i dilated car- 
diomyopathy seems to be associated with collagen infiltration, 
slow conduction may also occur because of a reduction in 
depolarizing currents. It is unlikely, however, that this was the 
case in our preparations for the following reasons: 1) electro- 
grams revealed sharp deflections, suggesting close to normal 
depolarization; 2) microelectrode recordings that were carried 
out in small trabeculae from patients with dilated cardio- 
myopathy (21) showed action potentials with upstroke veloci- 
ties between 100 and 150 V/s; and 3) the conduction velocity 
parallel to the fiber direction was always close to normal. 
Isochronal lines near the edges of the lines of block were 
closer together than they were farther away from the barrier, 
indicating activation delay in that area. It has been shown by 
Cabo et al. (39) that curvature of wave fronts results in slowing 
of conduction. The delay is caused by a mismatch between 
current supply and current demand. Activation ear the edges 
of the barriers curved, which explains the delay in that area. 
The short stretches of fibrous tissue may create areas where a 
transition from wide to narrow zones of myocardium occurs. 
Load mismatches are also responsible for activation delay in 
such areas (40,41). 
Study limitations. Papillary muscles and trabeculae were 
chosen because of their well-ordered architecture with regard 
to fiber direction. These specimens are not necessarily mor- 
phologically comparable totissue from other parts of the hearts 
that were studied. 
We used the maximal negative derivative of the electro- 
grams as the instant of activation. By analyzing more than 30 
test variables, Anderson et al. (30) have shown that this 
derivative is one of three variables having the greatest poten- 
tial for discriminating local from remote activation. They 
showed that in some circumstances, remote activation may 
induce electrograms that have a maximal negative derivative 
greater than that of the local electrogram. In the study of 
Anderson et al. recordings were made in atrial tissue at sites 
close to the sulcus, where ventricular components may have 
large amplitudes. Occurrence of this artifact in our superfused 
preparations was unlikely, because there were no large differ- 
ences in muscle mass. Nevertheless, we cannot rule out that in 
incidental cases a remote component was erroneously selected 
for determination f the activation time. Such artificial activa- 
tion times will, however, only marginally affect he activation 
patterns. 
Conclusions. Our study shows that fractionated electro- 
grams in dilated cardiomyopathy are caused by electrical 
barriers. These barriers, consisting of strands of fibrous tissue 
running parallel to the fiber orientation, were sometimes too 
short to demonstrate a line of block in the activation pattern. 
Fractionation depended on the site of stimulation and often 
disappeared or was less pronounced when propagation was 
parallel to the barriers. 
Activation delay was caused by wave fronts curving around 
long barriers in concert with the wavy course of activation 
between short barriers. The latter seems to mirror an extreme 
increase in nonuniform tissue anisotropy. 
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